Ricinoleic acid (12-hydroxyoctadec-cis-9-enoic acid) has many specialized uses in bioproduct industries, while castor bean is currently the only commercial source for the fatty acid. This report describes metabolic engineering of a microbial system (Pichia pastoris) to produce ricinoleic acid using a "push" (synthesis) and "pull" (assembly) strategy. CpFAH, a hydroxylase from Claviceps purpurea, was used for synthesis of ricinoleic acid, and CpDGAT1, a diacylglycerol transferase for the triacylglycerol synthesis from the same species, was used for assembly of the fatty acid. Co-expression of CpFAH and CpDGAT1 produced higher lipid contents and ricinoleic acid levels than expression of CpFAH alone. Co-expression in a mutant haploid strain defective in the 12 desaturase activity resulted in a higher level of ricinoleic acid than that in the diploid strain. Intriguingly ricinoleic acid produced was mainly distributed in the neutral lipid fractions particularly the free fatty acid form, but with little in the polar lipids. This work demonstrates effectiveness of the metabolic engineering strategy and excellent capacity of the microbial system for production of ricinoleic acid as an alternative to plant sources for industrial uses.
INTRODUCTION
Hydroxy fatty acids are important raw materials with a wide range of industrial uses. In particular, ricinoleic acid (12-hydroxyoctadec-cis-9-enoic acid), a long chain hydroxy fatty acid produced by castor bean (Ricinus communis) has many specialized uses in manufacturing of a variety of industrial products such as nylons, lubricants, ink, paints as well as pharmaceuticals and cosmetics (1, 2) . However, due to the presence of a highly potent toxin (ricin), this native oilseed plant is not considered as an ideal source for the hydroxy fatty acid production. Therefore, tremendous effort has recently been made in identifying genes involved in the biosynthesis of this fatty acid and using the genes to engineer oilseed crops for producing ricinoleic acid (3) (4) (5) (6) (7) . However, to date these attempts have met with only partial success. When a hydroxylase gene from a native plant species was introduced into oilseed crops, the hydroxy fatty acid content in transgenic seeds has rarely exceeded 20% of the total fatty acids (8) (9) (10) . In 2008, a new hydroxylase for the biosynthesis of ricinoleic acid was identified from non-plant origin and expression of this gene in Arabidopsis resulted in accumulation of a slightly higher level of hydroxy fatty acids in transgenic seeds (11) . Very recently, co-expression of genes encoding factors involved in the networks of the hydroxylation or acyl trafficking process along with a hydroxylase has also been attempted (4) (5) (6) (7) .
Although the improved production of hydroxy fatty acids is observed, the amount in transgenic seeds still rarely exceeds 25% of the total fatty acids. It appears that selection of genes from diverse sources and addition of cofactors can make difference for transgenic production of hydroxyl fatty acids, but production of a single hydroxy fatty acid at the commercially viable level in plants still remains as a challenging task.
Microorganisms have recently emerged as promising systems for producing biofuel for transportation and platform chemicals for biopolymers, as some microbes offer high output of biomass with good oil content in a short period of time and are easy for genetic manipulation to implement a metabolic engineering strategy. Exploitation of metabolic engineering of lipid pathways in microorganisms based on fatty acid by guest, on www.jlr.org Downloaded from 4 biosynthesis and assembly frameworks provides a promising solution to bioproducts from microorganisms to replace petrochemicals, as fatty acids and derivatives share many similar chemical properties with petroleum fuels and petrochemicals such as reduced state of hydrocarbon and high density of energy (12) (13) (14) (15) (16) . Therefore, metabolic engineering of microbial systems have potential in providing an alternative to plant sources for the hydroxy fatty acid for industrial uses (17, 18) .
This report describes metabolic engineering of ricinoleic acid in Pichia pastoris, a yeast with a good yield of biomass and oil. Two genes encoding CpFAH, a hydroxylase we cloned previously from fungus Claviceps purpurea (11) , and CpDGAT1, a diacylglycerol acyltransferase for the triacylglycerol (TAG) biosynthesis newly cloned from the same species, were co-expressed both in a diploid wild type strain and in a haploid mutant strain, which resulted in production of a high amount of ricinoleic acid mainly accumulated in the free fatty acid fraction, followed by TAG fraction, with very little in the polar lipids.
This work highlights effectiveness of the metabolic engineering strategy and excellent capacity of the yeast for hydroxy fatty acid production. Moreover, it may also suggest a new strategy to produce a higher level of unusual fatty acids in transgenic plants through free fatty acid as intermediate pathways.
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MATERIALS AND METHODS
Organisms and Culture conditions
C. purpurea was grown and maintained on the PDA medium at room temperature. Saccharomyces cerevisiae quadruple mutant (H1246; Matα dga1, lro, are1, are2) (19) used as a heterologous host to study the function of CpDGAT1 was grown on YPD medium. Pichia X33 and GS115 (Invitrogen) were used to study the heterologous expression of CpFAH and CpDGAT1. The haploid P. pastoris GS115 (Invitrogen) was used as a host strain for disruption of delta12 desaturase gene (des12). The des12-::HIS4 disruption cassette was made by cloning 917 bps of 5'UTR and 706 bps coding region of delta12 desaturase from P. pastoris GS115 into the upstream and downstream of HIS4 marker, respectively in pPIC3.5 vector. The delta12 deletion strain (D12-KO/GS115) was made by introducing the des12-::HIS4 disruption cassette by homologous recombination method. The mutant strain was confirmed by PCR and the inability to produce linoleic acid.
Cloning of full-length cDNAs CpDGAT1 from C. purpurea
Total RNA from C. purpurea was isolated using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Genomic DNA contamination was eliminated by on-column DNase I digestion with RNase-free DNase (Qiagen). Poly(A) + RNA was extracted from the total RNA by Dynabeads mRNA Purification Kit (Invitrogen). About 0. Every 24 hrs cells were collected for lipid and total fatty acids analysis and then 0.5% methanol was added to the culture to maintain induction.
Lipid analysis
Total lipids were extracted from yeast with chloroform/methanol (2:1, v/v) (20) . Total lipids were resolved in thin layer chromatography (TLC on silica gel plates (silica gel 60, 20×20 cm, EMD Chemicals, Germany) with a solvent system containing hexane/anhydrous ethyl ether/formic acid (70:30:1, v/v). Lipid classes were visualized by spraying with 0.005% primuline in 80% acetone and observing under UV.
Fatty acid analysis
Three different methods were used to synthesize fatty acid methyl esters (FAMEs) . First method to analyze total fatty acids including free fatty acid and O-acyl lipids in the cells, acid-catalysed esterification and transesterification were used as previously described using 1% H 2 SO 4 /methanol (11) . 
Oil content measurement
Yeast oil content was determined by GC analysis using tripentadecanoin (15:0-TAG) as internal standard (25 g), which was added to sample before FAMEs transmethylation. The 15:0-FFA (5 g) was used as internal standard for quantifying free fatty acids. To assess diacylglycerol acyltransferase activity of CpDGAT1, the full-length cDNA was cloned and heterologously expressed in a S. cerevisiae quadruple mutant defective in the synthesis of both TAGs and steryl esters (19) , as a similar mutant of Pichia pastoris was not available for the function analysis. The 
Production of ricinoleic acid in a diploid yeast by co-expresssing CpFAH and CpDGAT1
Our initial strategy to produce ricinoleic acid heterologously in Pichia was to co-express two genes encoding CpFAH and CpDGAT1 involved in both biosynthesis and assembly of the fatty acid. This strategy has proven effective to produce specialty fatty acids heterologously (4, 6, 25) . The constructs with one or two gene cassettes of CpFAH and CpDGAT1 were built under control of an inducible promoter of the yeast expression vector, which were then introduced into a wild type diploid yeast P.
pastoris strain X33. Through homologous recombination, the gene cassettes were integrated into the yeast chromosome. After confirmation of the stable integration, the strains were induced in a time course for production of ricinoleic acid. Under the standard induction condition, the diploid strains hosting the empty vector, CpFAH and CpFAH+CpDGAT1 showed similar growth rates (Fig. S1 ). As expected, upon the induction, both CpFAH/X33 (CpFAH alone) and CpFAH+CpDGAT1/X33 (co-expression) produced a new fatty acid compared with the control, which was identified as ricinoleic acid (Fig. 3a) . During a tenday time course, the amount of ricinoleic acid produced in the transformants increased dramatically from zero after the initial induction of expression, reached the maximum at about the early middle time point, and then decreased substantially. However, compared to CpFAH alone, the co-expression (CpFAH and CpDGAT1) produced a higher amount of ricinoleic acid at almost all time points in the time course except at Day three when CpFAH alone produced the maximal level of ricinoleic acid (about 40%), which was slightly higher than the co-expression. After that, the amount of ricinoleic acid in CpFAH alone decreased dramatically and at Day seven it was at approximately 6%. At the end of the time course (Day 10), the amount of ricinoleic acid remained only at about 4% of the total fatty acids. In contrast, the amount of ricinoleic acid produced in the co-expression reached the highest level at Day four at approximately 39% of the total fatty acids. After that, the amount of ricinoleic acid decreased, but less dramatically, and at Day seven of the induction, it was at approximately 19%. At Day 10, the amount of ricinoleic acid remained at about 13% of the total fatty acids, which was about three times higher than that of CpFAH alone at the same day (Fig. 3b) .
Production of ricinoleic acid in a haploid yeast strain defective in 12 desaturase activity
As seen in Fig. 3 , although the diploid transformant expressing CpFAH and CpDGAT1 produced a substantial amount of ricinoleic acid, linoleic acid was still one of the major fatty acids in the cell due to a highly active endogenous 12 desaturase in P. pastoris. Pichia 12 desaturase is a membrane-associated enzyme catalyzing the synthesis of linoleic acid using oleic acid as substrate. As oleic acid is also the substrate for CpFAH to produce ricinoleic acid, competition for the same substrate by the two enzymes would diminish efficiency of the hydroxy fatty acid production in the transformant. To ease the competition and boost the substrate level for the hydroxylation, the endogenous Pichia 12 desaturase gene was disrupted by homologous recombination in a haploid P. pastoris strain GS115. The disruption (D12-KO) was confirmed by PCR amplification using sets of specific primers, as well as fatty acid composition in the disrupted strain where both linoleic acid and linolenic acid were absent (Table 1 ). This mutant strain was then used as a host to express CpFAH or CpFAH and CpDGAT1. Under the standard induction condition, all the haploid strains showed similar growth rates (Fig. S2) . As seen in gas chromatograms and compositions of the fatty acids in the transformant cells (Fig. 4a , haploid wild type strain (GS115) produced two dominant fatty acids, oleic acid and linoleic acid, while linolenic, palmitic and palmitoleic acids were relatively less abundant forms. On the other hand, the 12 desaturase-knockout strain (D12-KO) produced only a single dominant fatty acid -oleic acid (>70%), linoleic acid and linolenic acid were completely lost compared to the wild type strain. In the knockout strain expressing CpFAH (CpFAH/D12-KO) or CpFAH and CpDGAT1 (CpFAH+CpDGAT1/D12-KO), ricinoleic acid was produced as a dominant fatty acid with oleic acid, palmitic acid palmitoleic acid being relatively less abundant at a high production point in the time course. It was noted that linoleic acid and linolenic acid were also produced in the transformants. Production of linoleic acid was due to the minor 12 desaturase activity of CpFAH, while a small amount of linolenic acid resulted from a combination of the 12 desaturase activity of CpFAH and an endogenous 15 desaturase activity in Pichia. Similar to the production trend of ricinoleic acid in the diploid cells, the hydroxyl fatty acid production in the haploid cells increased dramatically since the initial induction of expression, after reaching the peak, it decreased substantially in the time course. The amount of ricinoleic acid produced in CpFAH alone was lower at all the time points of the time course compared to the co-expression. The maximum of ricinoleic acid in CpFAH alone was reached at Day 3 at about 51%, after that, it decreased dramatically and remained at a steady level of about 13% at Day eight. However, in the co-expression of CpFAH and CpDGAT1, the hydroxy fatty acid level reached the highest at Day three at about 56% of the total fatty acids. After that, it decreased only gradually and remained at the steady level of about 36% at Day eight (Fig. 4b) , which was more than two times that in CpFAH alone at the same day. At the highest production time point (Day three), the total lipid content of the co-expression was measured at about 495 ug/ml of ricinoleic acid, while the lipid content of CpFAH alone was at about 391 ug/ml and the control was at 282 ug/ml ( Table   2 ). The lipid content in the co-expression strain was increased by about 27% relative to CpFAH alone and nearly 76% compared to the control strain. At Day eight where the hydroxy fatty acid remained at the steady level in the transformants, the lipid content in the co-expression was increased by about 147% and 20%, respectively, compared to CpFAH alone and the control. (Fig. 5) . It was noteworthy that the polar lipids localized in the origin of the TLC plate contained less than 1% of ricinoleic acid. In addition, no 2OH-TAG was produced in the transformant expressing CpFAH alone, but a substantial amount of 2OH-TAG could be observed in the tranformant co-expressing CpFAH and CpDGAT1, which indicates effectiveness of CpDGAT1 to pull ricinoleic acid to the storage TAGs.
To further confirm a substantial amount of free ricinoleic acid remained in the haploid expression strains and effect of CpDGAT1 for facilitating the flux of ricinoleic acid into storage glycerolipids, the total lipids from the transformant cells of both CpFAH alone and CpFAH+CpDGAT1 at Day three and Day eight in a separate time course were extracted and analyzed by three different trans-esterification methods.
The acid-catalysed esterification analyzed the total lipids, and the base-catalysed esterification analyzed the esterified lipids, while the diazomethane derivatization analyzed the unesterified free fatty acids (22) . 
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As shown in Table 3 , at both time points, the co-expression (CpFAH+CpDGAT1) had a higher proportion of ricinoleic acid in the esterified form than CpFAH alone. At Day three a large majority of ricinoleic acid (>90%) was found in the unesterified form in CpFAH alone, and free ricinoleic acid in the co-expression accounted for about 80% of the total lipids. At Day eight the proportion of free ricinoleic acid in the CpFAH alone remained at about 60% of the total lipids, while the amount in the co-expression was about 50% of the total lipids. The ratio of the amount of esterified ricinoleic acid in the co-expression versus in CpFAH alone at Day three was about three, while the ratio increased as the time course progressed, and at 
DISCUSSION
Although tremendous efforts have been made in metabolic engineering of ricinoleic acid in oilseed crops as a possible alternative for industrial use, a commercially viable level of this fatty acid has not been achieved in transgenic plants. In this study, we explored to produce ricinoleic acid by co-expressing
CpFAH and CpDGAT1 in a diploid wild type strain and a haploid mutant strain of P. pastoris.
Particularly, the level of ricinoleic acid can reach about 56% of the total fatty acids at Day 3 after expression induction in the haploid mutant strain defective in the 12 desaturase activity. This result demonstrates effectiveness of the metabolic strategy used for metabolic engineering of the hydroxy fatty acid in Pichia. Particularly, utilization of a highly active CpDGAT1 increases not only the total level of ricinoleic acid, but also the lipid content and the amount of esterified ricinoleic acid in the storage lipids.
Interestingly, a similar level of the hydroxyl fatty acid was also achieved very recently in other yeast species (17, 18) . Together, these results highlight the capacity and potential of microbial systems for production of the hydroxyl fatty acid.
Pichia offers several advantages for producing hydrocarbon and fatty acids for bioproducts. It is amenable to genetic engineering, and abundant genetic tools are available for manipulating metabolic pathways. It is fast grown with a simple medium and has long been used for producing heterologous enzymes and chemicals. In addition, it is well known that the fatty acid biosynthesis exhibits feedback inhibition by long chain acyl-ACP and acyl-CoA, two common fatty acid intermediates for the metabolism (12) (13) (14) . In this study, ricinoleic acid accumulated in Pichia is mainly distributed in free fatty acid form, which offers a benefit without the use of acyl-CoA/ACP thioesterases, a common strategy to relieve the feedback inhibition in the metabolic engineering of biofuels (14) . All these advantages make Pichia a promising system for producing the hydroxyl fatty acid as an alternative to plant sources for industrial uses.
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When two heterologous systems (plant and Pichia) used for metabolic engineering of ricinoleic acid are compared, it appears that the latter is more effective than transgenic plants in producing the hydroxyl fatty acid. It is generally believed that ricinoleic acid synthesized by oleate hydroxylase occurs on oleic acid esterified to the sn-2 position of the membrane phospholipids by adding a hydroxyl group to the carbon at the 12th position. The inefficient removal of the unusual fatty acid from phospholipids where it is synthesized (26, 27) or inefficient transfer of the unusual fatty acid from phospholipids to storage lipids are likely the main factors or "bottlenecks" limiting the production of this fatty acid in transgenic plants (28) (29) (30) . As phospholipids are the main components of the membrane structure in eukaryotes, unusual fatty acid remaining in the membrane would severely harm the membrane unity and physiological
properties. Heterologous expression of a fatty acid conjugase in Arabidopsis and soybean was found to accumulate a high level of unusual conjugated fatty acids in phosphatidylcholine in developing and mature seeds of transgenic plants (27) . On the other hand, transgenic Pichia expressing the two genes accumulates ricinoleic acid mostly in free fatty acid form (more than 50% of the total) and the level of this fatty acid in phospholipids represents only less than 1% of the total fatty acids. Such an accumulation pattern is surprising, as it is generally believed that free fatty acids are toxic to cells. In addition the phenomenon has never been reported in transgenic plants producing unusual fatty acids. This result implies that Pichia cells are highly tolerant to free fatty acids and the transformants might have a more effective mechanism than transgenic plants to shuffle freshly synthesized ricinoleic acid from phospholipids to the free fatty acid pool by phospholipase or other enzymes, whereby the membrane integrity would be better maintained or protected from the possible damage caused by excessive accumulation of the hydroxyl fatty acid. If this is case, a future direction for improved production of unusual fatty acids in transgenic plants could focus on the utilization of phospholipase or other enzymes to remove the heterologous fatty acids from phospholipids to the free fatty acid pool, from which these fatty acids are then assembled to TAGs for storage through acyl-CoA intermediates. However, it was noted that a phospholipase A2 from castor bean was recently co-expressed with a hydroxylase in 
